Abstract Secondary and micronutrients are important in enhancing crop productivity; yet, they are hardly studied in subSahara Africa. In this region, the main focus has been on macronutrients but there is emerging though scattered evidence of crop productivity limitations by the secondary and micronutrients. Elsewhere, widespread deficiencies of these nutrients are associated with stagnation of yields. Here, we undertake a meta-analysis using 40 articles reporting crop response to secondary and micronutrients to (1) determine the productivity increase of crops and nutrient use efficiency associated with these nutrients, and (2) provide synthesis of responses to secondary nutrients and micronutrients in subSahara Africa. This study used 757 yield data rows (530 from publications and 227 from Africa Soil Information Service) from field trials carried out in SSA between 1969 and 2013 in 14 countries. Data from publications constituted response to S (49.4%), Zn (23.0%), S and micronutrient combinations (11.5%), and <10% each for Cu, Mo, Fe, and B. Data from Africa Soil Information Service were all for S and micronutrient combinations. Of the two sources, most yield data are for maize (73.6%), followed by sorghum (6.7%) and wheat (6.1%) while rice, cowpea, faba bean, tef, and soybean each accounted for less than 5%. The major points are the following: (1) application of S and micronutrients increased maize yield by 0.84 t ha −1 (i.e., 25%) over macronutrient only treatment and achieved agronomic efficiencies (kilograms of grain increase per kilogram of micronutrient added) between 38 and 432 and (2) response ratios were >1 for S and all micronutrients, i.e., the probability of response ratio exceeding 1 was 0.77 for S and 0.83 for Zn, 0.95 for Cu, and 0.92 for Fe, and indicates positive crop response for a majority of farmers. We conclude that S and micronutrients are holding back crop productivity especially on soils where response to macronutrients is low and that more research is needed to unravel conditions under which application of S and micronutrients may pose financial risks.
Introduction
For the last three decades, crop nutrition research in subSaharan Africa (SSA) has largely focused on macronutrients, i.e., nitrogen, phosphorus, and potassium (Chilimba and Chirwa 2000; Stoorvogel et al. 1993; Voortman 2012; Vanlauwe et al. 2015) . However, there are strong indications from some studies of the effects of deficiencies in secondary nutrients and micronutrients limiting crop productivity in SSA, especially under continuous cropping without nutrient replenishment (Vanlauwe et al. 2015; Van Asten et al. 2004 ; Fig. 1 ). For example, low productive spots related to zinc (Zn) deficiency have been observed in rice (Van Asten et al. 2004 ) following continuous cultivation without micronutrient application, but could also relate to interactions with other factors such as soil alkalinity and high plant available soil P. In Ethiopia, Rwanda, and Burundi, sulfur (S), Zn, and boron (B) are deficient in large proportions of arable land (Vanlauwe et al. 2015) . In other words, nutrients other than the macronutrients are becoming important limitations in crop production in SSA. Deficiencies of secondary nutrients and micronutrients have also been observed in other parts of the world such as Campo Cerrado soils of Brazil, IIanos of Colombia, and calcareous soils of Pakistan, India, and the Philippines (Lopes 1980; Ryan et al. 2013 ). Stagnation of yields some 10 years ago in India was primarily because of widespread deficiencies of these important secondary and micronutrients, mainly S, B, and Zn (Sahrawat et al. 2010) . In comparison to other regions of the world, relatively little research has been done on secondary and micronutrient deficiencies in soils and the corresponding crop responses in SSA.
The lack of sufficient focus on micronutrients and the related crop response in SSA have been echoed by experts in different generations (Lopes 1980; Kang and Osiname 1985; Weil and Mughogho 1999; Gungula and Garjila 2006) . As early as the 1970s, molybdenum (Mo), Zn, and B were identified as the most important micronutrients but only for selected crops such as cotton and groundnuts mainly in areas under intensification (Drosdoff 1972) . Apart from such areas of intensification, long fallow periods under the then shifting cultivation replenished sufficient macro-, secondary, and micronutrients, making it unlikely to experience deficiencies within that traditional agricultural system. In the review by Lopes (1980) , only a few micronutrient (Mn, Zn, B, Fe, and Mo) studies in sub-Sahara Africa are mentioned and, similarly to Drosdoff (1972) , none of the studies included cereals (maize, wheat, rice, sorghum, or millet) under field conditions. A decade later, Sillanpaa (1982) , in a global study involving 30 countries, identified micronutrient deficiencies in for two cereals (maize and wheat) in Ethiopia, Ghana, Malawi, Nigeria, Sierra Leone, Tanzania, and Zambia, and highlighted the need for micronutrient supply especially copper (Cu), B, Zn, and Mo to address observed deficiencies and to realize full potential in agriculture productivity in developing countries.
Recently, Kihara and Njoroge (2013) noted that maximum maize grain yield obtained in fields under researcher management in western Kenya, a region with potential yield of at least 10 t ha −1 , stagnated at 7 t ha −1 . This is likely to be the result of deficiencies in secondary and micronutrients during crop growth, or the effect of low soil pH and associated toxicities (e.g., aluminum). Indeed, in the last decade, there has been growing evidence from the region of soils that barely responds to application of the commonly emphasized macronutrient-based fertilizers under smallholder farming (Tittonnell and Giller 2013) , and researchers note that this is likely due to deficiencies of the secondary and micronutrients (Vanlauwe et al. 2015) . Although there are i ncreasing calls to include secondary and micronutrients in fertilizers in SSA (Chianu et al. 2012) , the limited and scattered research on potential responses to these nutrients has not been reviewed to understand their contribution to crop productivity. The aim of this study was to determine the productivity increase in cereal and grain legume crops and nutrient use efficiency associated with application of secondary and micronutrients through a meta-analysis of available published data, and to provide synthesis of responses to secondary nutrients and micronutrients in SSA. We aimed to answer the specific research question: "What is the magnitude of change in yield due to application of S and micronutrients applied alone or in combination?" 2 Materials and methods
Choice of crops
This meta-analysis focused on maize, rice, wheat, sorghum, cowpea, and soybean because of data availability and the importance of these crops in SSA. Maize is the key focus of most studies on crop response to S and micronutrients in SSA with a limited number of studies on wheat, rice, cowpea, sorghum, and soybean responses. Maize, constituting 45% of the cereal production in SSA in 2014, is the staple food crop (accounting for over 40% of the calories consumed in some countries such as Malawi and Zambia (http://www.fao.org/faostat/en/#data)) and the main component of food aid interventions in SSA (Leonardo et al. 2015) . It is also grown under widely varying climatic, soil, and altitudinal conditions ranging from sea level (the coastal zones) to elevations above 2400 m (Sileshi et al. 2010) . Rice, the most rapidly growing food source in Africa, is a strategic crop and a staple food in many countries (Wopereis et al. 2013) . Sorghum accounted for 16% of all cereal production in Africa in 2014. Wheat is also an important staple crop whose consumption steadily increased during the past 20 years as a result of growing population, changing food preferences, and socioeconomic transformations associated with urbanization. It constituted 14% of all cereal production in Africa in 2014 (FAOSTAT). Soybean is an important pulse, currently widely promoted for its high protein content and superior biological nitrogen fixation (Adesoji et al. 2009 ). Like soybean, cowpea is an important source of proteins especially for poor rural families in dry sub-humid and semi-arid zones of SSA (Gungula and Garjila 2006) .
Data retrieval
This study used data from field trials carried out in SSA between 1969 and 2013. The data were derived from 40 peerreviewed publications accessed online (Table 1) Crop response to Ca and Mg is not commonly investigated and therefore has not been considered here. Data for absolute control treatments (i.e., unfertilized) were also obtained, although these were not available in all studies. Pot and greenhouse experiments, and studies where yields were reported in units per plant without providing data on plant population, as well as publications that reported yields as percentages were excluded as these lacked true productivity information. In some cases, the source of P (e.g., SSP) and sources of micronutrients (e.g., ZnS) contained S. As such, we assumed that if the S contained in the macronutrient control treatment was at least 40 kg S ha
, further S in the micronutrient treatment can be ignored since no further response to S is expected (Kang and Osiname 1976; Ojeniyi and Kayode 1993) . When no S was included in the macronutrient control treatment, but the micronutrient source also contained S (e.g., in the form of zinc sulfate, in the case of Abbas et al. (2007) ), we considered this as "combined" rather than single micronutrient response.
In total 530 rows of yield data were extracted from the 40 papers of which 49.4% were on S response, 23.0% on Zn, 7.4% on Cu, 3.0% on Mo, 4.5% on Fe, 1.1% on B, and 11.5% involved two or more, i.e., S and micronutrient combinations. These data are from 14 countries namely Nigeria (36.6%), Malawi (12.8%), Ethiopia (21.8%), Kenya (3.4%), Côte d'Ivoire (3.0%), Ghana (4.3%), Zambia (3.0%), Sudan (2.3%), Zimbabwe (2.3), Togo (6.0%), Mozambique (1.5%), Tanzania (1.3%), Benin (1.1%), and Burkina Faso (0.4%). The data were derived from both on-farm and on-station trials under researcher management. All the data obtained are on improved crop varieties except for wheat where 18 of the 46 data rows used local wheat variety in Ethiopia. From all the publications, data on soil types were obtained; if presented otherwise, the information was obtained from ISRIC maps based on locational information presented in the publications. The studies cover most soil types prevalent in SSA namely Acrisols, Cambisols, Ferralsols, Fluvisols, Gleysols, Leptosols, Lixisols, Luvisols, Nitisols, Plinthosols, and Vertisols. The sites also represent different climates with mean annual rainfall from 255 to 2860 mm. The intensity of research on micronutrient responses varied with time, and 19.2% of the studies were conducted in 1969-1980, 15.8% in 1981-1990, 7.9% in 1991-2000, 48.1% in 2000-2010, and 9% in 2010-2016 . The proportions of yield data per individual crop species reported from the various studies varied greatly with maize having the highest (70%), followed by wheat (8.7%) and rice (6.6%). Cowpea, tef, faba bean, sorghum, and soybean each accounted for less than 3% of the yield data. None of the studies reported using organic resources as a nutrient management strategy. In addition to the review, we include a dataset from multilocational trials implemented within the framework of Africa Soil Information System (AfSIS) and that provides a unique opportunity to relate response to soil micronutrients. The dataset consist of 227 data rows with response to combined secondary and micronutrients namely Ca, Mg, S, Zn, and B (implemented as one treatment). This is the only large and consistent dataset that provides observed yield with actual soil analysis. The data are from diagnostic trials implemented in Kenya, Malawi, Mali, Nigeria, and Tanzania and conducted for 1-2 seasons; the test crop was maize except in Mali where sorghum was used. The macronutrient control treatment had 100 kg N ha , and 30 kg K ha −1 for sorghum.
The sources of N, P, and K were urea, triple super phosphate, and muriate of potash, respectively. Secondary and micronutrients in the response treatment were applied at 10 kg Ca ha , and trace amounts of B. These were from a blended basal fertilizer, Mavuno. Detailed description of the implementation methods for these trials is reported by Huising et al. (2013) and is also accessible online (http://afsis-dt.ciat.cgiar.org) and from Kihara et al. (2016) .
Data analysis
Data analysis, as also data retrieval, considered the six quality criteria of meta-analysis recommendations of Philibert et al. (2012) . Most of the analysis involved a linear mixed modelling (LMM) approach implemented in the R statistical software (www.r-project.org). LMM was chosen, because the data gathered across studies were unbalanced with respect to sample sizes and treatments.
Initially, yield data following S and micronutrient application were plotted against the fertilized control yield in a scatter to demonstrate the distribution of crop response to applied nutrients. Also, means and the confidence limit of maize, wheat, and rice grain yield for the absolute control, the fertilized control (i.e., the macronutrient treatment), and the S and micronutrient treatment were obtained from the raw data. For this, bootstrap confidence limit was obtained using boot R package with 100 replications. Yield data for the absolute control were not available in some cases: of the 530 cases of yield data, the absolute control was available in 232 cases which represented 80% of the cases for both rice and wheat and 39% for maize but these were available for all AfSIS data.
In the subsequent analysis, the effects of the S and micronutrients on maize yield (crop with sufficient data points) were estimated using LMM of the form. Yield is a function of fertilizer treatment with experimental site as the random variable. Here, treatment refers to either individual or combined application of S and micronutrients. Control refers to the crop that received N, P, and/or K fertilizer. In the mixed model, the site was used as random effect and parameters were estimated via restricted maximum likelihood (REML). The obtained means were used to estimate percentage yield increase following application of S and micronutrients.
As the index of effect size, we used the response ratio (RR) calculated as the ratio of the yields from the treatment (i.e., S and/or micronutrient) to yields from the fertilized control (i.e., plots receiving only macronutrients). RR is a measure of the proportionate change resulting from a treatment and expressed as a natural log for meta-analysis ). Absence of publication bias for this measure was confirmed using funnel plot (Fig. 2) . Since our objective was to obtain the mean responses and their confidence limits, our analysis of response ratio is averaged over different sites and application rates. Effect sizes in meta-analyses are normally weighted by study precisions (Philibert et al. 2012) , most commonly by inverse of study variance, or the sample size. Weighting is important, because it increases the precision of the mean effect estimate and the power of the tests and improves sampling distribution of the test statistics . However, nearly all of the studies we found did not report any measure of variance, but the numbers of replications were available. Before analysis, RR was log transformed (lnRR) to ensure normality . Then lnRR values were weighted by the number of replicates, so that studies based on larger sample sizes are given more weight Fig. 2 Funnel plot of relationships between response ratio (RR) and standard deviations for the studies used than those based on small size. These values were subjected to LMM, and the means and 95% confidence intervals for each study were computed via the REML method. These were then presented as forest plots (see also Hossard et al. (2016) ).
Traditionally, inferences from meta-analyses are based on the mean and its 95% confidence interval. However, inference based on the mean alone can be misleading if the probability distribution of the response is not known (Sileshi et al. 2010) . Therefore, we estimated the probability of obtaining a given response ratio. For this purpose, we generated the frequency distribution of response ratios and then calculated the cumulative probabilities. Then, we calculated the probability of exceeding a given level of response, for example, RR >1, 2, etc., under application of a given nutrient.
We calculated the agronomic efficiency (AE = kilograms of yield increase per kilogram of applied nutrient) of S and micronutrients by maize as the difference between yield with fertilizer together with S or micronutrients and yield of the fertilized control and dividing by the quantity of applied S or micronutrient. AE is an integrated index of nutrient recovery efficiency and physiological or internal nutrient use efficiency (Ladha et al. 2005) . Yield data where nutrients were applied in a combination were not included, because it was not possible to isolate agronomic efficiency associated with the individual nutrients. To establish the maximum AE that can be expected based on available data, boundary analysis (see also Kihara and Njoroge (2013) ) was used on the three nutrients with a majority of yield data, namely S, Cu, and Zn. Here, a boundary line was fit on the mean AE of the three highest points at every 10 kg ha −1 for S and 1 kg ha −1 intervals for Cu and Zn applied. These boundary lines are four-parameter log logistic curves fit using the dose response curve (drc) package in the R statistical software (www.r-project.org) that uses the formula: 3 Results and discussion
Overall crop yield response
Maize, wheat, and rice showed positive yield responses to applied S or micronutrients (Fig. 3) . In the case of sorghum, cowpea, and soybean, responses to S and micronutrients were low. For maize and wheat, responses to S and micronutrients decreased with increasing macronutrient control yields (Fig. 4) . When all studies were combined (cross crops and sites), the overall effect size (RR = 1.20; 95% CL 1.18-1.23) was significantly greater than unity (Fig. 5) , indicating an overall positive crop response to S and micronutrients. In 19 out of the 41 studies, RR values were significantly larger than 1, while in 18 studies, RR was not significantly different from 1. Only one study had an effect size significantly lower than 1, indicating significant reduction in yields due to application of S or micronutrients (Fig. 5a ). The largest increase in response was noted in Burkina Faso (Fig. 5b) . The overall positive response to micronutrients indicates that these nutrients are holding back crop productivity, particularly in areas with low response to macronutrients, and that their application can have huge effect in some locations. Low crop productivity under macronutrient application in SSA has often been reported (Kihara and Njoroge 2013) , and it has been suggested that deficiencies of secondary and micronutrients could be one of the causes to limited crop response to macronutrients (Vanlauwe et al. 2015) . In the case of maize, application of S and micronutrients resulted in average 0.7 t ha −1 (i.e., 20%) more yield compared to the macronutrient control treatment (Fig. 6) . Similarly, wheat and rice yield were increased over macronutrient only treatment by 27 and 12%, respectively, following additional application of S and micronutrients. Thus, although application of macronutrients resulted in 1.87 t ha −1 (i.e., 122%) more maize, 0.85 t ha −1 (i.e., 41%) more wheat, and 1.3 t ha −1 (i.e., 81%) more rice grain yield increase over the unfertilized (no-input) treatment, application of S and micronutrients still led to an additional yield increase. Addressing such secondary and micronutrient deficiencies is critical to resolving the recurrent food insecurity challenge facing SSA that is heightened by burgeoning population and climate change. Understanding the conditions under which different responses occur and designing fertilizer solutions to address the limitations are critical in maintaining and or increasing crop productivity. The responses to S and micronutrients vary between crops, and it can be expected that variations in responses exist between crop varieties within a specific crop, though these may translate more in nutrient contents than in crop yields (De Valenca et al. 2017) . The studies included in this paper are from researcher-managed trials, and improved crop varieties were used. Improved varieties have gained focus in initiatives to combat food insecurity, owing to their high yielding capacity. Given that crop response to fertilizers (macronutrients) has been shown for such improved varieties than for local varieties (Vanlauwe et al. 2011) , it is important to understand the responses among varieties also in relation to S and micronutrients. Overall, mean yield increment (over the mean of fertilized control and based on mixed models) realized by the application of specific nutrients are 26% for S, 6% for B, 15% for Zn, 13% for Cu, 9% for Fe, and 20% for combinations of S and micronutrients (see also Fig. 7 ). Several studies (Sillanpaa 1982; Van Asten et al. 2004; Oyinlola and Chude 2010) have reported deficiencies of one or more S and micronutrients in specific regions in Ivory Coast, Nigeria, Togo, Democratic Republic of the Congo, Kenya, Sudan, Ethiopia, Ghana, Malawi, Sierra Leone, Tanzania, Zambia, and Burkina Faso.
These deficiencies can be widespread as noted by Abe et al. (2010) for Zn and S deficiencies in the lowland soils of West Africa, by Chilimba and Chirwa (2000) for S in Malawi, and by Vanlauwe et al. (2015) for S, Zn, and B in Ethiopia. Buri et al. (2000) reported that over 66% of West Africa lowland soils had available Zn below the critical level of 0.8 mg kg ) of micronutrient Fig. 3 Effect of S and/or micronutrient application on yield of (a) maize, (b) wheat, (c) rice, (d) sorghum, (e) soybean and (f) cowpea across a range of control yields in SSA. The fertilized control was the crop that received the recommended rate of N, P, and K fertilizer. N represents the sample size and Zn), arguments favoring combined rather than the single secondary and micronutrients applications have been made (Vanlauwe et al. 2015) . On the other hand, some studies report sufficiency of S and micronutrients such as Cu, Fe, and Zn in Western Usambara Mountains of Lushoto in Tanzania (Ndakidemi and Semoka 2006) ; Zn and B in Gongola River Basin (Adeboye 2011) ; and Fe and Mn at Bauchi in Guinea Savanna, Samaru in northern Guinea, and Kadawa in Sudan Savanna (Oyinlola and Chude 2010) . Also, Snapp (1998) , in a study involving 1130 soil samples in Malawi, observed limited deficiencies in Zn with at least 90% of the cases having more Zn than the critical limit of 0.8 mg Zn kg −1
. Thus, while combined S and micronutrients applications may be the best option in some cases, there is no need for applications of those nutrients available in soil in sufficient quantities as this can not only limit profitability and economic returns for farmers but also lead to toxic levels of some micronutrients if not well monitored. This highlights the need for identification of micronutrient limitations and recommending management that is focused on the specific nutritional problems in different regions/sites. Also, as crop production increases from the current low-input levels following green revolution initiatives, the deficiencies could become more significant and spread out (Current practices are low yielding and may not reveal crop growth limitations.).
Overall, estimates and 95% confidence limits of RR were 1.35 (1.28-1.41) for S, 1.54 (1.35-1.74) for Cu, 1.34 (1.23-1.44) for Fe, and 1.40 (1.29-1.51) for Zn. The probability of RR exceeding 1 (i.e., yields increasing over the macronutrient control) was 0.77 for S and 0.83 for Zn (Fig. 8) . The probabilities of RR exceeding 1 for Cu and Fe were 0.95 and 0.92, respectively. In other words, RR <1 that constitute risks to the farmer were very low for micronutrients. This highlights the fact that the benefits of applying macronutrients in combination with S and micronutrients far outweigh the risk to farmers. Ironically, only one of the 41 studies whose data are used in the current analysis, i.e., Van Asten et al. (2004) , did an economic analysis of micronutrient used (Zn) with results being highly profitable (value cost ratio >2). The lack of economic analysis in most of these studies translates a general gap of knowledge on the profitability of secondary and micronutrient fertilization in SSA. Indirect assumptions have often been made: for example, Weil and Mughogho (1999) , in their work on S in four regions of Malawi, concluded that the 80-160-kg maize grain gained per kilogram S applied would be economically attractive. Based on improved agronomic efficiency of fertilizer macronutrients as a result of micronutrient application in deficient soils, Vanlauwe et al. (2015) conclude on blending micronutrients with fertilizers as a cost-effective way to overcome micronutrient deficiency. Since micronutrients are often viewed for their role in human health, and not for their contribution in enhancing crop yields, there are opinions that overcoming soil micronutrients deficiency is a main path to overcoming deficient of those nutrients in human health Afolabi et al. 2014 Kone et al. 2014 Adesoji et al. 2009 Kurwakumire et al. 2015 Nesgea et al. 2012 Florent et al. 2014 Yerokun and Chirwa 2014 Admas et al. 2015 Chaguala et al. 2011 Nyalemegbe et al. 2012 Kone et al. 2011 Osiname et al. 1973 Chiezy 2014 Olivier et al. 2014 Desta et al.2015 Chude et al. 1991 Gungula and Garjila 2006 Weil and Mughogho 2000 Desta, 2015 Lisuma et al. 2006 Habtegebrial et al.2013 Allan 1971 Kang and Osiname 1976 Kayode 1984 Ojeniyi and Kayode 1993 Manzeke et al. 2014 Habtemichial et al. 2007 Rechiatu et al. 2015 Habtegebrial and singh 2009 Habtegebrial and singh 2006 Abbas et al. 2007 Chilimba and Chirwa 2011 Friesen, 1991 Van Asten et al. 2004 Abunyewa and… Horizontal bars represent 95% confidence limits. The vertical bar in (b) represents RR = 1 (i.e., no effect of micronutrients) (Barret and Bevis 2015; de Valenca et al. 2017 ). As such, the profitability of micronutrient fertilization has been assessed for their role in reducing the health burden associated with micronutrient deficiency in human. Joy et al. (2015) reported that enriching granular fertilizers with Zn would be cost-effective in reducing healthy life lost due to micronutrient deficiency in human, particularly if embedded into ongoing subsidy programs. The extent to which enrichment of fertilizers could affect the price of fertilizers is not clear. However, in the context of current efforts of increasing access to fertilizers by farmers, including micronutrient-enriched fertilizers in various subsidy programs has potential to increase widespread application of micronutrients without direct additional costs for farmers covered by such programs. As expected, maize yield response to macronutrients and to S and micronutrients significantly varied with soil type (Fig. 9) . Average response ratios to S and micronutrients were positive in all soil types, varying from 0.9 in Luvisols to 2.5 in Gleysols. The lowest yield gains due to S and micronutrient applications on Luvisols are related to their high inherent fertility. Although yield responses to macronutrients were very low on Gleysols (soils affected/influenced by shallow groundwater) and Vertisols (poor drainage and difficult workability), yield gains due to the addition of micronutrients were high on these soils (Fig. 9b) . Trial locations for both soils were characterized by very low soil micronutrients (<0.26 Cu and 0.23 Zn mg kg −1 , data not shown). These results indicate the importance of inherent soil properties on crop yields and yield responses to macronutrients, S, and micronutrients, which, in combination with other explaining factors, may provide a good basis for targeting nutrient recommendations.
Agronomic efficiency
As expected, and for all S and micronutrients, the highest agronomic efficiency (kilograms of maize grain per kilogram of nutrient applied) was observed at low application rates, and decreased with increasing nutrient application. For example, , and 59 (±34) kg K ha −1 applied while +S or Micronutrient also had 36 (±25) S, 10 (±0) Zn. Data used are both from publications and AfSIS Fig. 7 Boxplots of the effect of S and micronutrient application on yield of maize as observed in SSA. Plus and minus signs indicate if nutrient was added or omitted. S&MN combined S and micronutrients maximum agronomic efficiency plotted against the amount of S and Zn applied and defined by the four-parameter dose response function is characterized by decline within the first 30 kg S ha
and throughout Zn application rates (Fig. 10) . In other words, application of S beyond this rate for maize runs the risk of being wasteful. On average, and based on our data, agronomic efficiency of 432 kg grain kg Soleimani (2012) . The highest level of agronomic efficiency followed the application of copper at 0.8 kg Cu ha −1 in Nigeria, and is in line with reports of Cu deficiency in eastern Nigerian states (Sillanpaa 1982) . Application of micronutrients is known to increase also the use efficiency of the macronutrients (Vanlauwe et al. 2015) , and higher macronutrient apparent recoveries have been observed (Girish et al. 2015) .
Response to nutrients including micronutrients depends on, among other factors (e.g., soil acidity and interactions between nutrients), the level of crop available nutrients in soil. Excluding AfSIS, only 57% of the included studies reported micronutrient concentrations in soils. Since methods of soil analysis varied from one study to another, relating soils test values with crop responses was not undertaken in our study.
Studies on crop response to secondary nutrients and micronutrients are scanty in SSA, and research is needed not only to further quantify potential responses under different soils conditions (e.g., pH and micronutrient levels), crop types, and varieties but also to understand residual effects during subsequent seasons, the effectiveness and use efficiency of different secondary and micronutrient sources, their interactions, and appropriate application methods. This is needed in order to ascertain where their applications are required, guide fertilizer blending targeted to the specific production systems, and to recommend best practices to smallholder farmers in SSA. Such research should also go further to relate soil micronutrients or applied S and micronutrients to nutritional quality of harvest products from different crops and genotypes for human and animal nutrition. Undoubtedly, SSA is in need of micronutrients and more so with the expected increase in crop production level. It is noteworthy that micronutrient fertilizers are not available in all countries or regions where these are needed (see Van Asten et al. (2004) ) and efforts are needed by governments to reverse the situation.
Conclusions
The application of S and micronutrients resulted in 0.84 t ha −1 more maize yield compared to the recommended N, P, and K fertilizers. This represents a 25% yield increment over what was achieved using the recommended fertilizer, which only contains macronutrients. Although there is high variability in crop response to S and micronutrients, the high proportions of cases with increased yield underscore the need for these nutrients. S and micronutrients are holding back crop productivity especially on soils where response to macronutrients is low. Coupling the ongoing efforts towards the African green revolution, with the supply of S and micronutrients in most fertilizers, is vital for enhanced agricultural productivity. Considering also the observed incidences of low responses and variations among crops, more research is needed to unravel conditions under which application of S and micronutrients is beneficial to farmers. The results of this study highlight the need for policy support for the research on secondary nutrients, particularly S, and micronutrients and for blending them in currently used fertilizers. Further, decision support tools and training that can aid uptake of S and micronutrient technologies by farmers are needed. Fig. 10 Boundary lines of agronomic efficiency of sulfur and zinc for maize at different application rates in SSA. Curves are boundary lines of maximum agronomic efficiency
